Silicon carbide (SiC) is an attractive material for power electronics. The characteristics of having wide bandgap, high thermal conductivity, high blocking voltage and switching frequencies have made it superior for applications at high temperatures, frequencies and voltages. 1 To this end, it is vital to achieve high material quality as well as manufacturing process reliability and efficiency. In chemical vapor deposition (CVD), a widely used fabrication method for SiC layers, this means suppressing the formation of Si clusters and parasitic depositions which are known to introduce defects and degrade the growing layers, along with shortening the lifetime of reactor components. [2] [3] [4] Halogenated gases have been utilized to reduce the cluster formation by breaking the Si-Si bonds in the clusters and forming the stronger Si-halogen bonds and consequently introduce a new parameter into the process, namely the halogen/Si ratio. This ratio has shown impacts on not only the cluster formation and parasitic growth, but also on the growth rates as well as defect formations. 4, 5 In complex processes such as CVD, computational modeling has become essential in research as well as process development and design. Modeling accuracy and correctness depend crucially on the quality of the kinetics and thermochemistry data input. Thermochemistry data of some halides and halohydrides of Si and C are provided in databases, [6] [7] [8] review, 9 as well as experimental [10] [11] [12] [13] [14] [15] [16] and theoretical studies. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Nevertheless, inconsistency derived from various means of achieving data along with many data mismatches have rendered it far from complete. Here we present thermochemical properties from quantum chemical calculations of a complete set of halides and halohydrides of Si and C, namely SiX n H m and CX n H m with X = F, Cl and Br, and n+m ≤4, covering the temperature range of 298-2500 K. The study range accommodates applications such as CVD process, surface etching of semiconductors, combustion, as well as fundamental studies. The quantum chemistry composite methods of Gaussian-4 theory (G4) 33 are utilized and compared to the Weizmann-1 theory 34, 35 as modified by Barnes et al. 2009 36 (W1RO).
Computational Methods
All quantum chemical calculations were carried out using Gaussian 09. 37 The G4 and W1RO methods are described in detail in Ref. 33 and Ref. [34] [35] [36] . Both methods are designed to achieve the total energy from its additives derived from different levels of theories. The G4 uses the B3LYP/6-31G(2df,p) level in the geometry optimization as well as the harmonic frequency calculation. The frequencies are then scaled using a factor of 0.9854 -a factor optimized for the zero point energy (ZPE) calculated at this level. The electronic energy is composed of the following terms: the Hartree-Fock (HF) z E-mail: pitsu@ifm.liu.se; orjda@ifm.liu.se limit energy, the electron correlation energy, the higher level empirical corrections (HLCs) and for atoms the spin-orbit corrections. The inclusion of HLCs significantly helps reducing the computational cost while maintaining the accuracy within acceptable range. The theory is attractive to applications on halide systems due to many improvements over its previous version, Gaussian-3 (G3), 38, 39 such as an addition of a complete basis set limit (CBS) extrapolation of the HF energy, the increase of the d-polarization sets on the first-and second-row atoms with the exponents reoptimized for the latter, and an improvement in the HLCs on radicals.
W1RO theory is based on the geometry optimized at the B3LYP/ccpVTZ(+d) level, where (+d) refers to the addition of a tight d function in the presence of second-row atoms. The harmonic frequencies are obtained from the same level and scaled with a factor of 0.985 -also a scaling factor for ZPE. The electronic energy is composed of the CBS values of the self-consistent field energy (SCF), the coupled cluster with all single and double substitutions (CCSD) and its perturbative triple excitation correction (T) together with the core correlation and scalar relativistic energy following the method modified by Barnes et al., 36 and the spin orbit corrections for atoms. Both close-shell and open-shell molecules are treated similarly using the spin-restricted theory, and henceforth referred to as W1RO following Barnes et al. 36 Apart from the spin orbit corrections and extrapolations, the W1RO contains no empirical corrections. The electronic energy, ZPE and thermal energy at 298 K from scaled harmonic frequencies contribute to the energy at 0 K (H 0 ) and the enthalpies at 298 K (H 298 ). The atomization energies at 0 K ( D 0 (0 K)) and enthalpies of formation ( H • f ) at 0 K and 298 K are derived from the following equations,
The atomic H Ochterski et al., 1995. 51 polynomials, corresponding to the temperature ranges of 298.15-1000 K and 1000-2500 K.
Results and Discussion
Atomization energies ( D 0 ).-The electronic energies and ZPEs calculated using the G4 and W1RO methods are provided in supplementary material. The atomization energies ( D 0 (0 K)) derived from the G4 and W1RO methods are presented in Table II in comparison to the databases/experiments and theoretical calculations from literature. In contrast to the G4 method, the W1RO has been designed only for atoms up to the second-row of the periodic system. Therefore this method is only used here for the F-and Cl-systems.
It is clear from Table II that the database/experimental atomization energies for many species are inconsistent. On the other hand, good agreement is observed between our calculations and those derived from highly accurate computational methods reported by Feller et al., 26 Feller and Dixon, 28 Vasiliu et al., 27 Karton et al., 30 Tajti et al., 31 Grant and Dixon 32 and Klopper et al. 29 It is apparent that large dis- 20 on the other hand, are much more agreeable to the theory.
It is observed by comparing the W1RO energies to the more expensive model of W4 theory 30 that the deviations in CF 4 and CH 2 F 2 are caused by the slow convergence in the CCSD and SCF energies with increased basis sets, while the deviations in SiF 4 and SiH 3 F are due to the core-correlation and scalar relativistic energies. This points out the necessity to consider calculation methods from higher levels if the results with higher accuracies are required.
On the other hand, the G4 theory is observed to depend strongly on the HLCs, which contributes ∼14-30 kJ mol −1 to the D 0 and helps to reduce computational costs tremendously. Compared to the more expensive methods, the G4 performs very nicely despite its low cost. 32 The method however produces small systematic deviations (∼5-10 kJ mol −1 ) in the Si-Cl-H compounds, which are possibly caused by slow convergence of the correlation energies despite the increased d polarization sets, as previously observed by Curtiss et al. 33 It also should be noted that unlike the more expensive calculation procedures such as W1RO, Feller-Peterson-Dixon 45 etc., G4 do not explicitly include scalar relativistic calculations. It is possible that this omission may not be remedied sufficiently by the HLCs and may affect the accuracy in Br containing compounds. The discrepancies observed in the case of diatomic molecules are partly due to the fact that the low-lying electronically excited states of the molecules resulted from spin orbit coupling (SOC) effects need to be taken into account when dealing with the temperature above 0 K. The inclusion of SOC effects are shown within parentheses in Table IV . The low lying excited states were taken into account in the electronic partition function using the following experimental energy splittings (in cm [25] [26] [27] [28] [29] [30] [31] [32] which confirm reliability of our calculation results for the Si-H-X and C-H-X compounds for F and Cl. Despite lacking in scalar relativistic effects, we believe the G4 to be reliable enough for predicting the properties of Si-H-Br and C-H-Br, which are confirmed by the H T , S T and C p T for all diatomic cases. The fitting has constrained the low (high) temperature branch to reproduce the exact theoretical data at 298 K (1000 K), and thus allows creations of small discontinuities at 1000 K, which are less than ∼0.005 kJ · mol −1 for H T and less than ∼0.03 J · mol
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for S T and C p T for both the G4 and W1RO.
Conclusions
Thermochemical properties of the Si-H-X and C-H-X systems where X being F, Cl and Br have been calculated using the Gaussian 4 theory (G4) and Weizman-1 theory as modified by Barnes et al. 2009 (W1RO) . The calculated atomization energies were used to obtain enthalpies of formation for the complete set of molecules (2 × 3 × 10 = 60 species). The effects of low-lying electronically excited states due to spin orbit couplings (SOCs) were included for all atoms and diatomic species by mean of electronic partition function derived from the experimental or computational energy splittings. The enthalpies of formation, entropies and heat capacities were observed to be reliable in comparison to the literature. The thermochemical properties for the temperature range of 298-2500 K in the form of 7-coefficient NASA polynomials are provided as supplementary materials.
